The internal transcribed spacer (ITS) of the rRNA gene cluster has been used as a model for the study of the action of concerted evolution and molecular drive on repeated sequence families. In contrast to this general finding, preliminary DNA sequence analysis of cloned representatives of the ITS from the West African black fly species complex Simulium damnosum s.1. demonstrated extensive intra-individual and intra-specific polymorphisms. Variability in the ITS was primarily confined to the ITS1 domain. The degree and type of intra-individual and intraspecific variability within the ITS was further characterized using gel electrophoresis, DNA hybridization, and heteroduplex analysis of the PCR products generated from the ITS1 domain. ITS 1 copies from individual S. damnosum s.1. differed in length and sequence composition. These results, when taken together, demonstrate that a large degree of intra-individual and intra-specific heterogeneity exists in the ITS of S. damnosum s.1. The intra-individual heterogeneity was greater in the savanna-dwelling than forest-dwelling sibling species of S. damnosum s.1. This heterogeneity may be due in part to inter-breeding among sympatric sibling species, coupled with disturbance of S. damnosum s.1. populations resulting from intensive vector control efforts.
Introduction
Simulium damnosum sensu lato serves as the vector for Onchocerca VOZVUZUS, the causative agent of human onchocerciasis in West Africa. The S. damnosum s.1. species complex consists of at least nine sibling species, of which six serve as the major vectors for 0. VOZVUZUS (WHO 1987) . These include a savanna-dwelling group (S. damnosum sensu strict0 and S. sirbanum), a forestdwelling group (S. squamosum and S. yahense) and a transition-zone-dwelling group (S. sanctipauli and S. Zeonense). Cytological (Boakye 1993) and DNA sequence analysis (Tang et al. 1995) has supported the division of the sibling species into these three groups. Furthermore, molecular phylogenetic analysis suggests that the savanna and transition groups are more closely related to each other than they are to the forest group of species (Tang et al. 1995) .
Experimental transmission studies have suggested that the sibling species of the S. damnosum s.1. complex transmit the two strains of 0. VOZVUZUS with widely varying efficiencies (Budden 1963; Duke, Moore, and Deleon 1967; Duke 1981) . This has led to the hypothesis that specific parasite-vector transmission complexes exist in West Africa. Recently, polymerase chain reaction (PCR)-based methods have been developed to distinguish the blinding and non-blinding 0. VOZVUZUS strains (Meredith et al. 1991) , and a method based on directed heteroduplex analysis (DHDA) of mitochondrial DNA (mtDNA) has also been developed to differentiate the sibling species of the vector complex (Tang et al. 1995) . The development of these molecular diagnostic methods has facilitated the work on the vector-parasite association under natural conditions. However since mitochondrial DNA is maternally inherited, the DHDA-based method for classifying the vector black flies is not capable of resolving the issue of hybridization between sympatric sibling species. In contrast, nuclear sequences would prove useful in detecting inter-specific hybridization in the S. damnosum s.1. complex. Polymorphisms within the internal transcribed spacer (ITS) of the nuclear ribosomal RNA (rRNA) genes have been exploited in many cases to differentiate closely related organisms (Hillis and Davis 1986; Mindell and Honeycutt 1990; Hillis and Dixon 1991) . The ITS resides between clusters of 18s and 28s rRNA genes, and is divided into 2 regions (ITS1 and ITS2) by the 5.8s RNA gene (Gerbi 1985) . The degree of intraindividual sequence divergence in the ITS domain is generally low, and these sequences have served as model sequences for the study of molecular drive (Dover 1986; Strachan et al. 1985) and concerted evolution (Arnheim 1983) in repeated-sequence families. Previous work on the ITS of S. damnosum s.1. complex has demonstrated that size polymorphisms detectable by PCR amplification of the entire ITS may be used to distinguish at least two of the sibling species of the S. damnosum s.1. complex (Brockhouse et al. 1993 ). However, this study also documented evidence for intraspecific heterogeneity.
In the current work, we have further explored the degree of intra-and inter-specific vari- b Non-forest and forest groups are determined by directed heteroduplex analysis using 16s rRNA sequences. c This represents a recently identified genotype which did not match the bench mark examples and was assigned to the forest group based on 16s and ND4 sequences. ation in the ITS of members of the S. damnosum s.1. complex. The results reveal that extensive intra-individual variability exists in the ITS1 of the S. damnosum s.1. complex.
Materials and Methods

Collection and Genotyping of Black Flies
Black fly larvae and adults were collected from different areas throughout West Africa as described previously (Tang et al. 1995) . DNA was prepared from individual flies, and the mitochondrial haplotype of each individual determined by DHDA analysis of PCR products generated from the 16s rRNA and ND4 genes (Tang et al. 1995) . A summary of the cytological identification, collection point, and mitochondrial haplotype of the individuals analyzed in this work is given in table 1.
Polymerase Chain Reaction (PCR) Amplification of the rDNA ITS, Cloning, and Sequencing of PCR-Amplified DNA Fragments
Primers used to amplify the entire ITS region were those described by Brockhouse et al. (1993) . Primary PCRs utilized 10 ng of genomic DNA as a template. The genomic DNA template was amplified in 25 pl of a solution containing 60 mM Tris-HCl (pH 8.5), 15 mM (NH4)$S04, 200 PM of each dATP dGTP dCTP and dTTP 500 nM of each primer, 2.5 mM MgC12, and 1 unit of AmpliTaq m DNA polymerase (Pet-kin-Elmer, Branchburg, N.J.). Each primary PCR consisted of an initial denaturation step at 95°C for 3 min and 30 s, followed by 40 cycles consisting of denaturation at 95°C for 30 s, annealing at 45°C for 50 s, and extension at 72°C for 50 s. The reaction was completed by a final incubation at 72°C for 7 min. Secondary PCRs employed 5 ng of either purified or cloned ITS primary PCR products as template DNA, and were identical to the primary reactions except that the annealing time was decreased to 30 s, and the number of cycles reduced to 22.
Amplification of sub-domains of the ITS were carried out under conditions similar to those used to amplify the entire ITS. The ITS1 domain was amplified using the primers ITS l-5 ' (5 '-TTACTATCTTA-TTTCCACAA-3') and ITS l-3 ' (5 '-CCCCTGTCTA-GATGTTAT-3').
The 150-bp sub-domain of the ITS1 was amplified using the ITS l-5' primer and the ITS l-3' internal primer (5'-GAATCTCTTTGGTCCATAGC-3').
ITS PCR products were separated by electrophoresis through an agarose gel consisting of 1.0% (w/v) SeaKern@ LE agarose plus 1 .O% (w/v) MetaPhofl agarose (FMC, Rockland, Maine) in 40 mM T&acetate (pH 8.0), 1 mM EDTA. DNA bands were visualized by UV transillumination after staining in 2 kg ml-l ethidium bromide solution. The DNA bands of interest were excised from the gel and purified by adsorption to a glass slurry (Geneclean, Bio 101, San Diego, Calif.). The purified DNA fragments were cloned into a T-tailed PCR cloning plasmid vector (Invitrogen, La Jolla, Calif.). The nucleotide sequence of plasmid clones containing the ITS insert were determined using Sequenase@@ Version 2.0 DNA polymerase (U.S. Biochemical Corp., Cleveland, Ohio) according to the procedures outlined by the manufacturer.
Multiple sequence alignments were done using MacDNASIS version 3.1 (Hitachi Software Engineering Co., Ltd., San Bruno, Calif.).
Phylogenetic Analysis
Phylogenetic analysis by parsimony was performed using branch and bound method in PAUP v 3.0 (Swofford 1991). The parameters used in the analysis were as follows: Deletions were treated as missing data, branches of zero length were collapsed to yield polytomies, and topological constraints were not enforced. Statistical support for the phylogeny produced was determined by bootstrap re-sampling of 1,000 replicate data sets. Sequence analysis by distance methods was also done using subroutines provided in the program package PHYLIP (Felsenstein 1993) . Distances were calculated according to the two-parameter method of Kimura (Kimura 1980) , and the resulting distance matrix used to develop a phylogeny following the neighbor-joining method of Saitou and Nei (1987) . The robustness of the phylogeny produced was tested by re-analysis of 100 bootstrap replicates of the data sets.
Size Determination of Labelled PCR products, and Southern Blot Analysis
The exact size of ITS1 PCR amplification products was determined by electrophoresis on a DNA sequencing gel. PCR products were derived from amplification of the ITS l/150, using labelled ITS 1-5' and unlabelled ITS-3'-internal probe primers. Labelling of the ITSl-5' primer was carried out by incubation with (r3*P) ATP and polynucleotide kinase (U.S. Biochemical), following standard methods (Sambrook, Fritsch, and Maniatis 1989) . An aliquot (6 ~1) of each PCR reaction was mixed with 4 p,l loading dye (95% formamide, 20 mM EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol), and denatured at 75°C for 2 min. A total of 1.5 p,l of the denatured solution was subjected to electrophoresis on a 5% Long-Range@@ (J. T. Baker Inc., Phillipsburg, N.J.) acrylamide gel containing 1.2X TBE (1 X TBE = 90 mM Tris-borate [pH 8.31, 2 mM EDTA) and 7 M urea. Electrophoresis was performed at a constant power of 100 W in 0.9X TBE at 47°C. A sequencing ladder derived from plasmid DNA of a known sequence was used as a size marker.
Southern blotting of the ITS PCR products was carried out essentially as previously described (Zimmerman et al. 1992 ). The blot was incubated overnight at 48°C with y3*P-labelled ITS l-3' internal primer, prepared as described above, in a solution consisting of 5 X SSC (1 X SSC = 150 mM NaCl, 15 n&I sodium citrate, pH 7.0), 20 mM NaH,PO, (pH 7.4), 4X Denhardt's solution (1 X Denhardt's solution = 0.02% polyvinylpyrrolidone, 0.02% Ficoll, and 0.02% bovine serum albumin), 7% SDS, 100 kg ml-l salmon sperm DNA and 10% dextran sulphate. The blot was washed for 30 min. in 3X SSC at 48"C, followed by a 30-min incubation in 1 X SSC at 48°C. DNA bands hybridized to probe DNA were visualized after autoradiography.
In experiments involving the analysis of ITS1 PCR products by DNA sequencing gel and Southern blot, multiple individual PCR reactions were analyzed from each individual black fly sample. The PCR product patterns produced did not vary between the replicate experiments, demonstrating that the different patterns seen were not a result of PCR drift (Wagner et al. 1994 ).
DNA Heteroduplex Assay (HDA)
HDA was performed according to Delwart et al. (1993) with some modifications.
Probes for the HDA were generated by secondary PCR amplification of cloned examples of the ITSl. Equal quantities of the probe and target PCR products were mixed, and denatured by heating to 98°C for 2 min. Heteroduplex products were allowed to form by slow cooling of the samples to room temperature (ramp time about 40 min). Following heteroduplex formation, homoduplex and heteroduplex products were separated by electrophoresis on a 6.5% (acrylamide : bis = 19: 1) gel prepared in 1.2X TBE (1 X TBE = 90 mM Tris-borate [pH 8.31, 2 mM EDTA) using the Bio-Rad Protean II xii cell (BioRad, Richmond, Calif.). Electrophoresis was carried out at 30 mA for 6 h, and DNA bands visualized after staining in 2p,g ml-l ethidium bromide.
Results
DNA Sequence Analysis of ITS from S. damnosum s.1.
PCR amplification of the ITS from the six sibling species of S. damnosum s.1. yielded DNA products ranging in size from approximately 800 bp to 900 bp (data not shown). Heterozygote forms were found in S. sirbanum and S. damnosum sensu stricto, which were consistent with previously published results (Brockhouse et complex heteroduplex patterns in the presence of the Ssila and Ssilb PCR products (fig. 4) . Thus, the HDA detected heterogeneity in the ITS1 populations of all individuals, although two samples (2768 and 3071) only showed a limited degree of heterogeneity.
Discussion
Phylogenetic
and Evolutionary Implications of ITS Heterogeneity in S. dumnosum s.1. Complex
Molecular phylogenetic analysis of closely related organisms relies upon the identification of rapidly evolving DNA molecules that contain sufficient inter-specific variability to be informative, but minimal intra-specific variation to be conclusive.
In studies of a number of closely related organisms, the rDNA ITS has been shown to serve this purpose well (Hillis and Dixon 199 1; Pleyte, Duncan, and Phillips 1992) . This is related to the fact that ITS is relatively free of structural and functional constraints, which allows it to evolve relatively rapidly. Moreover, the effects of molecular drive and concerted evolution generally act to minimize the degree of intra-specific variation. However, the degree of intraspecific variation in the ITS appears to vary from species to species. For example, little or no intraspecific variation in the ITS was found to exist in studies of parthenogenic lizards , in frogs (Hillis and Davis 1986) , or in many species of fruit flies (Schlotterer et al. 1994) . In contrast, significant intraspecific variation in the ITS has been noted in studies of mosquitoes (Wesson, Porter, and Collins 1993) and tiger beetles (Vogler and DeSalle 1994) .
Our collection of data on the ITS of S. damnosum s.1. complex .has largely relied on the detection of size polymorphisms and sequence differences in ITS1 populations using denaturing gel electrophoresis and HDA. These methods are not as sensitive an indicator of sequence divergence as DNA sequencing itself, but they do provide a simple and fast means of comparing the type and extent of intra-individual and intra-specific heterogeneity. In addition, the methods used here examine the ITS1 population as a whole. Moreover, conventional DNA sequencing analysis involves the analysis of multiple clones derived from the ITS population, which may not be completely representative of the entire ITS family.
As mentioned above, the degree of homogenization of ITS populations appears to vary from species to species. The results presented here demonstrate that significant intra-individual variation exists in the ITS of members of the S. damnosum species complex. Similar heterogeneity has been reported in studies of the ITS in tiger beetles (Vogler and DeSalle 1994) and in mosquitoes (Wesson, Porter, and Collins 1993) . One aspect shared by all of the insect species which have been shown to exhibit heterogeneous ITS1 domains is that they are complexes of sibling species (Vogler and DeSalle 1994) . It is possible that a low level of interbreeding exists between different sibling species. This process might allow new alleles of the ITS1 to be introduced into species at a level high enough to partially counteract the effects of concerted evolution. In support of this hypothesis, one cytological study has shown low levels of cross-breeding among members of the S. dumnosum s.1. complex (Post 1984) .
The ITS 1 populations of the forest-dwelling species of S. dumnosum s.1. were generally more homogeneous than the ITS1 populations of the non-forest species ( fig.  4 and table 2 ). It is tempting to speculate that this may in part be due to differences in the recent biological history of the sibling species of S. dumnosum s.1. For the past 20 years, a multinational control program, known as the Onchocerciasis Control Program (OCP), has been active throughout much of the non-forest (savanna) zone in West Africa. The OCP has relied heavily on a strategy of vector control, which has been primarily directed towards savanna-dwelling sibling species of Simulium damnosum s.l., S. damnosum s.str., and S. sirbanum. As a result, there has been a dramatic decrease in the populations of S. dumnosum s.str. and S. sirbanum in the OCP area. In contrast, populations of the forestdwelling species S. yahense and S. squamosum, which are endemic to the coastal areas outside the OCP area, have remained stable in the absence of intensive insecticide pressure. One result of the OCP's vector control efforts has been the successive appearance and spread of insecticide-resistant populations of S. dumnosum s.str. and S. sirbanum. One might hypothesize that the process of sequential selection of small sub-populations of the savanna-dwelling species may have resulted in the preferential expansion of a number of minor ITS1 alleles, contributing to the diversity of the ITS1 population seen in these species today. In this regard, it would be of interest to examine S. dumnosum s.str. and S. sirbanum from areas that have not been covered by OCI? It might be predicted that the diversity in the ITS1 will be minimal in such undisturbed populations. If this is the case, the homogeneity of ITS can be used as an indicator of ecological stability, in both S. damnosum s.1. and other insect taxa.
The Heterogeneity of ITS in S. damnosum s.1.
Complex as a Diagnostic Genetic Marker
From the results presented above it is clear that extensive intra-individual and intra-specific variability exists within the ITS of members of the S. dumnosum s.1. complex. This has precluded using the ITS as a diagnostic character for the different sibling species. However, certain size variants in ITS1 appear to be confined to particular groups of sibling species. For example, the majority of the individuals of the forest-dwelling species of S. damnosum s.1. contained a small version of the ITS1 which was not present in any of the non-forest individuals examined ( fig. 3 and table 2 ). In a similar manner, the 147-bp and 172-bp versions of the ITSl/ 150 sub-domain were found in the majority of the nonforest individuals, but were absent in all of the forestdwelling individuals (table 2) . These results tend to support the previous division of the sibling species of S. damnosum s.1. into two clades, based on DNA sequences of mitochondrially encoded 16s rRNA and NADH dehydrogenase subunit 4 genes (Tang et al. 1995) . However, the ITS polymorphisms alone cannot be used to distinguish the sibling species.
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